ABSTRACT Raw chicken products are major causes of human foodborne salmonellosis worldwide. In particular, there is a significant risk of human exposure to Salmonella originating from the chicken slaughtering process. Controlling the contamination of chicken carcasses by Salmonella has been a considerable challenge in chicken-slaughtering facilities and involves routine microbiological monitoring using reliable detection methods. Simple and rapid detection methods, particularly those capable of determining cell viability, will significantly facilitate routine monitoring of Salmonella. Here, we report an invA-based loop-mediated isothermal amplification method coupled with a simple propidium monoazide treatment (PMA-LAMP) for simple and rapid detection and quantification of viable Salmonella in rinse water of chicken carcasses. In this study, PMA-LAMP consistently gave negative results for isopropanol-killed Salmonella with concentrations up to 8.0 × 10 6 CFU/reaction. The detection limit of PMA-LAMP was 8.0 × 10 1 CFU/reaction with viable Salmonella in both pure culture and rinse water of chicken carcasses, and 10-fold lower than a conventional polymerase chain reaction coupled with PMA (PMA-PCR) targeting invA. There was a high correlation (R 2 = 0.99 to 0.976) between LAMP time threshold (T T ) values and viable Salmonella with a quantification range of 1.0 × 10 3 to 1.0 × 10 8 CFU/mL in pure culture and rinse water of chicken carcasses. The PMA-LAMP assay took less than 2 h to detect Salmonella contaminated in test samples. Therefore, this simple and rapid method will be a very useful tool to detect live Salmonella contamination of chicken carcasses without pre-enrichment at the slaughterhouse where sanitizing treatments are commonly used.
INTRODUCTION
Salmonella is an important contaminant in the food industry that causes food poisoning. In particular, poultry and poultry products have been considered main sources of Salmonella. Many measures such as the Hazard Analysis of Critical Control Points (HACCP) program have been implemented in poultry slaughtering facilities to reduce Salmonella contamination associated with poultry (Kim et al., 2002; Berghaus et al., 2013) . Those measures usually involve routine microbiological monitoring using reliable detection methods. Therefore, accurate and rapid methods for the detection of Salmonella, especially those that are food poisoning bacteria in humans, are needed to ensure product safety during slaughtering and processing.
Traditional culture-based methods for identifying Salmonella remain in general use in the food industry despite the development of molecular technologies. Although culture based methods are effective, they are labor intensive and time-consuming, and do not detect viable but unculturable cells present in food samples (Millet and Lonvaud-Funel, 2000) . On the other hand, a variety of molecular techniques based on nucleic acid amplification are in widespread use for the detection and identification of various serotypes of Salmonella. These methods are relatively rapid compared with traditional culture-based methods.
Molecular methods available for the simple detection of Salmonella contaminants in chicken carcasses will facilitate routine monitoring of Salmonella at the chicken slaughterhouse. However, it may not be feasible to use conventional PCR or real-time PCR systems for detecting Salmonella contamination at the slaughterhouse or small laboratories. Therefore, simpler and more rapid molecular methods using simple instruments may be preferable for routine assays for Salmonella at those places. Notomi et al. (2000) developed a nucleic acid amplification method known as loop-mediated isothermal amplification (LAMP). The LAMP reaction is performed under isothermal conditions with 4 to 6 designed primer pairs, and specific amplification of target DNA can be 458 completed in a single step without the requirement for advanced instruments (Mori and Notomi, 2009) . Moreover, the sensitivity of the LAMP assay is less affected by the presence of inhibitory substances than are PCRbased assays (Kaneko et al., 2007) . LAMP assays have been used to detect pathogenic bacteria and viruses (Itano et al., 2006; Kurosaki et al., 2007; Yamazaki et al., 2008) as well as bacteria and yeasts that cause food contamination (Hayashi et al., 2007; Yang et al., 2010) .
A LAMP method can be useful for detecting Salmonella in chicken carcasses at the slaughterhouse. However, additional precautions such as sanitization must be taken to prevent microbial contamination in chicken carcasses (Thiessen et al., 1984; Killinger et al., 2010) . Sanitizing may leave dead cells on the carcasses, resulting in false-positive results on molecular tests such as LAMP based on detection of specific nucleic acids. In the present study, therefore, we developed a LAMP method for the rapid detection of Salmonella in rinse water of chicken carcasses possibly without pre-enrichment and coupled the method with pretreatment of propidium monoazide (PMA) to detect only live Salmonella in the rinse water.
MATERIALS AND METHODS

Bacterial Strains and DNA Template Preparation
Salmonella enterica serovar Enteritidis ATCC13076 was used for optimizing the LAMP assay and determining the detection limit of the assay. An additional 140 Salmonella strains of 17 serovars and 27 non-Salmonella strains of 5 species were used to evaluate assay sensitivity and specificity (Table 1) . Salmonella and nonSalmonella strains were cultured in trypticase soy broth (TSB; BD Biosciences, Sparks, MD) for 4 h at 37
• C. For preparation of dead cells, 400 μl aliquots of cell suspensions were killed by exposure to 70% isopropanol for 15 minutes. Isopropanol was removed by centrifugation at 7,000 × g for 15 minutes. Pellets of killed cells were resuspended in 400 μl of TSB or rinse water of chicken carcasses. Loss of viability was tested by spreading 100 μl of cell suspension on trypticase soy agar (TSA; BD Biosciences). A mixture of live and dead bacteria was prepared by mixing isopropanol-killed cell suspensions (10 8 CFU/mL) with untreated live cultures (10 3 -10 9 CFU/mL). All dilutions were performed using TSB or rinse water of chicken carcasses.
To prepare DNA templates for sensitivity and specificity testing, 1.0 mL of TSB culture of chicken carcasses containing Salmonella was collected in a 1.7 mL tube. The cell suspension was centrifuged for 10 min at 14,000 × g. The supernatant was discarded carefully. The pellet was resuspended in 200 μl of distilled water by vortexing. The microcentrifuge tube was boiled for 10 min and immediately chilled on ice. The tube was centrifuged for 5 min at 14,000 × g at 4
• C. An aliquot of 
5 μl of the supernatant was used as the template DNA in the amplification reactions. The procedure was performed according to the method outlined by B. Malorny (http://www.pcr.dk/DNA-purification.htm).
Design of LAMP and PCR Assay Primers
The Salmonella invasion gene (invA; GenBank accession number U43250.1) was used as the target for designing LAMP and PCR primers. A set of 6 primers for LAMP (Table 2) , 2 outer (F3 and B3), 2 inner (FIP and BIP), and 2 loop (Loop-F and Loop-B), which recognized 8 distinct regions of the target sequence, was designed using the Primer Explorer version 4 software (Eiken Chemical Co., Tokyo, Japan). Primers for conventional PCR also were designed based on the same gene sequence.
Optimization of the LAMP Reaction
LAMP was carried out in a final reaction volume of 25 μl. The reaction mixture contained 15 μl of isothermal Master Mix ISO 0001 (Optigene, Horsham, United Kingdom), 5 μl of a primer mix consisting of 6 primers (F3 and B3 primers at 0.2 μM, FIP and BIP primers at 0.8 μM, and LF and LB primers at 0.4 μM), and 5 μl extracted nucleic acid. The LAMP assay was run at 60 to 67
• C in a real-time fluorometer (Genie II; Optigene) to determine the optimal temperature giving the shortest amplification time and highest fluorescence reading. All LAMP assays were subsequently run at 65
• C for 30 min followed by heating and cooling steps of 98
• C to 80
• C/s) to allow reannealing of amplified DNA and display of the annealing curve. The specificity of the 
Conventional PCR Assays
PCR of the invA gene also was performed using the primers F3 (5 -TCCTGGTACTAATGGTGATGA-3 ) and R3 (5 -GCCTCGATCAAGATAAGACG-3 ), yielding a 229 bp DNA fragment. The PCR was run in 20 μl reaction mixtures using the PCR PreMix (AccuPower PCR PreMix, Bioneer, Daejon, Korea). A total volume of 20 μl of reaction mixture contained 0.5 μM of primer, and 5 μl of template DNA. Initial denaturation was performed at 95
• C for 5 min followed by 30 cycles of PCR amplification. The amplification profile consisted of the following 3 steps: 95
• C for 30 s (denaturation), 50
• C for one min (annealing), and 72
• C for one min (extension). After 30 amplification cycles, the samples were retained at 72
• C for 10 min to ensure complete strand extension.
Determination of the Detection Limit of LAMP
The initial cultures were 10-fold serially diluted in phosphate-buffered saline (PBS) and were plate counted on TSA plates, which were incubated at 37
• C for 24 h before enumeration. To determine the detection limit of LAMP, aliquots of 10-fold serially diluted templates prepared by a DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions (800 μl initial volume and 50 μl elution volume) were subjected to LAMP amplifications. These tests were repeated 3 times.
PMA Sample Treatment and DNA Extraction
Freshly thawed PMA stock solution (20 mg/mL; Biotium Inc., Hayward, CA) was added to 1) 800 μl culture in TSB and 200 μl PMA Enhancer for Gram-Negative Bacteria (Biotium Inc.) or 2) 800 μl rinse water of chicken carcasses and 200 μl PMA Enhancer for Gram-Negative Bacteria spiked with Salmonella (viable, dead, or viable/dead mix) to a final concentration of 100 μM. Following 5 min of incubation at room temperature in the dark, the mixtures were exposed for 20 min to a 1,000 lm LED light source at a distance of 2.5 cm in light-transparent 4.5 mL tubes (Greiner BIO-ONE GmbH, Frickenhausen, Germany). Salmonella DNA was isolated from PMA-treated samples using the DNeasy Blood and Tissue kit (Qiagen) according to the manufacturer's instructions. The extracted DNA was finally eluted with 50 μl elution buffer by centrifugation.
Detection Limit of PMA-LAMP
To determine whether PMA-LAMP could specifically detect viable Salmonella but not dead cells, aliquots of DNA templates of 10-fold serially diluted dead cells of Salmonella prepared by PMA treatment and DNA extraction as described above were subjected to LAMP amplifications. Specificity tests were repeated 3 times.
To determine the detection limit of PMA-LAMP in detecting viable Salmonella in the background of dead Salmonella cells, mixtures of 10-fold serially diluted Salmonella (viable cells) with 1.0 × 10 8 CFU/mL of isopropanol-killed Salmonella (dead cells) were subjected to PMA treatment and DNA extraction followed by LAMP amplifications.
Quantification of Viable Salmonella in Rinse Water of Chicken Carcasses
Each chicken was mixed with 400 mL of buffered peptone water (BPW; BD Diagnostic Systems) for one min to prepare rinse water of chicken carcasses. These samples were analyzed for the presence or absence of endogenous Salmonella according to methods described previously (Arnold et al., 2004) . Confirmed Salmonella-negative rinse water of chicken carcasses was spiked with mixtures of Salmonella viable/dead cells as described above and analyzed immediately. Briefly, Salmonella cell (dead or viable/dead mix) was added to 800 μl of Salmonella-negative rinse water of chicken carcasses. The supernatant was subjected to PMA treatment and DNA extraction as described above. Aliquots of the extracted DNA were used for LAMP amplifications.
RESULTS
Sensitivity and Specificity of LAMP
Among 146 bacterial strains (Table 1) used to evaluate the invA-based LAMP assay, 100% specificity and 100% sensitivity were observed. For the 140 Salmonella strains of 17 serotypes, the T t values were an average of 16.4 ± 0.8 minutes. For the 27 non-Salmonella strains, no T t value was obtained, indicating negative results for LAMP. Table 3 shows the detection limit and quantitative capability of the invA-based LAMP when testing 10-fold serially diluted S. Enteritidis ATCC13076 templates in comparison with PCR. For pure culture (TSB) templates ranging from 1.0 × 10 8 to 1.0 × 10 3 CFU/mL, the average T t values for LAMP fell between 16.41 and 23.23 min (data not shown). Therefore, the detection limit for the invA-based LAMP assay in pure culture was 1.0 × 10 3 CFU/mL (8.0 × 10 1 CFU/reaction). In contrast, the invA-based PCR had a detection limit of 1.0 × 10 4 CFU/mL (8.0 × 10 2 CFU/reaction), up to 10-fold less sensitive than that of LAMP.
Detection Limit (for Viable Salmonella) and Quantitative Capability of LAMP in Pure Culture
PMA-LAMP with Dead Cells of Salmonella
The testing of 10-fold serially diluted dead S. Enteritidis ATCC13076 by PMA-LAMP indicated that LAMP consistently gave negative results for dead S. Enteritidis ATCC13076 up to 1.0 × 10 8 CFU/mL (8.0 × 10 6 CFU/reaction). Amplification occurred at the 1.0 × 10 9 CFU/mL level (8.0 × 10 7 CFU/reaction) with an average T T value of 26.4 min (data not shown). Table 3 shows the sensitivity and quantitative capability of PMA-LAMP when testing 10-fold serially diluted viable S. Enteritidis ATCC13076 in the presence of 1.0 × 10 6 CFU/mL of dead cells. For viable S. Enteritidis ATCC13076 between 1.0 × 10 8 and 1.0 × 10 3 CFU/mL, consistent PMA-LAMP positive results were obtained, with average T t values ranging from 16.19 to 24.62 min (data not shown). No amplification was observed for reaction tubes containing < 1.0× 10 2 CFU/mL viable S. Enteritidis ATCC13076 and 1.0 × 10 6 CFU/mL dead cells. Therefore, the detection limit of PMA-LAMP was determined to be 1.0 × 10 3 CFU/mL in TSB (Table 3 ). In contrast, PMA-PCR had a detection limit of 1.0 × 10 4 CFU/mL, up to 10-fold lower than that of PMA-LAMP (Table 3) . Figure 1 shows the standard curve generated when testing 10-fold serially diluted viable S. Enteritidis ATCC13076 in the presence of 1.0 × 10 6 CFU/mL of dead S. Enteritidis ATCC13076 by PMA-LAMP ( Figure 1A) , as well as a PCR gel ( Figure 1B) . The correlation coefficient (R 2 ) for PMA-LAMP was calculated to be 0.99.
Detection Limit and Quantitative Capability of PMA-LAMP in Pure Culture
Rapid and Specific Quantification of Viable Salmonella in Rinse Water of Chicken Carcasses by PMA-LAMP
For rinse water of chicken carcasses spiked only with 10-fold serially diluted dead cells of S. Enteritidis ATCC13076, PMA-LAMP showed negative results for samples with dead cell concentrations ranging up to 1.0 × 10 8 CFU/mL. However, amplification for samples containing 1.0 × 10 9 CFU/mL of dead Salmonella cells occurred, with average T t values of 28.45 min for rinse water of chicken carcasses.
The detection limits and quantitative capabilities of PMA-LAMP and PMA-PCR in detecting 10-fold serially diluted viable Salmonella in the presence of 1.0 × 10 6 CFU/mL of dead S. Enteritidis ATCC13076 are shown in Table 3 . PMA-LAMP consistently detected viable Salmonella down to 1.0 × 10 3 CFU/mL (8.0 × 10 1 CFU/reaction) in rinse water of chicken carcasses with average T t values ranging from 16.6 to 25.43 minutes. For PMA-PCR, the detection limits of viable Salmonella were 1.0 × 10 4 CFU/mL (8.0 × 10 2 CFU/reaction) in rinse water of chicken carcasses, up to 10-fold less sensitive than those of PMA-LAMP. The R 2 value of PMA-LAMP was 0.976. Additionally, PMA-LAMP was equally sensitive for detection of other Salmonella serotypes, S. Typhimurium (6.0×10 1 CFU/reaction), S. Virchow (6.5×10 1 CFU/reaction), and S. Montevideo (9.5×10 1 CFU/reaction).
DISCUSSION
The invA-based detection assays such as PCR, qPCR, and LAMP have been designed to detect more than 100 Salmonella serovars (Rahn et al., 1992; HaraKudo et al., 2005; Gonzalez-Escalona et al., 2009; Wang et al., 2012) . The Salmonella invA-based LAMP assay in rinse water of chicken carcasses developed in this study was rapid (30 min) and showed 100% sensitivity and 100% specificity. The detection limit of the PMA-LAMP assay in rinse water of chicken carcasses without pre-enrichment is comparable or superior to those of assays reported previously (McClelland et al., 2001; HaraKudo et al., 2005; Cho et al., 2013) . Additionally, the detection limits of PMA-LAMP for other Salmonella serotypes, S. Typhimurium, S. Virchow, and S. Montevideo, which are commonly found in chicken carcasses, were also comparable to S. Enteritidis in this study. Therefore, the improvement of the detection limit and clear discrimination of viable bacteria indicate PMA-LAMP developed in this study will be very useful in the early control of food safety in the plant, such as the rapid detection of Salmonella in rinse water of chicken carcasses that may be treated with sanitizers in slaughterhouses.
The detection limit of PMA-LAMP was 10-fold lower than that of PCR run in parallel. In other previous studies, LAMP was found to be 10-fold more sensitive than PCR for all serotypes of Salmonella tested (Hara-Kudo et al., 2005; Wang et al., 2008) although Yang et al. (2010) reported that the detection limits of both assays were similar in detecting Salmonella Enteritidis. LAMP amplifications are often detected by gel electrophoresis, color change, and real-time turbidimetry monitoring (Mori et al, 2001; Hara-Kudo et al., 2005; Han and Ge, 2008; Wang et al., 2008; Li et al, 2009; Chen and Ge, 2010; Han and Ge, 2010; Techathuvanan et al., 2010; Yang et al., 2010) . In particular, real-time turbidimetry monitoring is useful for quantifying DNA. This study showed a high quantitative capability of real-time fluorometry in both pure culture and rinse water of chicken carcasses. LAMP amplifications can be monitored by the naked eye as turbidity or color change in reactions (Notomi et al., 2000; Mori and Notomi, 2009) . Therefore, LAMP assays are suitable for rapid detection of pathogenic microorganisms on site or in poorly equipped laboratories (Mori and Notomi, 2009) . However, previous studies showed that the detection limit of LAMP by visual observation was relatively higher (i.e., 4-log higher) than that by gel electrophoresis or real-time turbidity or fluorescence monitoring (Techathuvanan et al., 2010; Chen et al., 2011) . Therefore, the rapid and accurate detection of target microorganisms, possibly without pre-enrichment, requires the use of real-time turbidimeters or fluorometers that are simple and portable instruments as described in the present study and other previous studies (Chen et al., 2011; Yang et al., 2013; Lenarčič et al., 2014) .
In a public health perspective, determining cell viability is a critical requirement for pathogen testing methods in the food industry and slaughterhouse to accurately assess potential hazards (Josefsen et al., 2010) . However, sanitizing treatments can be used in those areas to remove contamination of pathogenic microorganisms in raw products. Those sanitized products may cause false-positive results on common molecular tests that do not allow selective detection of live bacterial cells. Indeed, chicken carcasses are commonly treated with a sanitizer such as chlorine to eliminate Salmonella contamination at the slaughterhouse (Thiessen et al., 1984; Bucher et al., 2012) . Therefore, this study examined the combination of PMA and LAMP for detecting viable Salmonella in rinse water of chicken carcasses, possibly without pre-enrichment. We tested PMA at 25 to 125 μM to determine an optimal concentration of PMA for detecting only live Salmonella. The presence of 100 μM or higher concentrations of PMA allowed for detecting live Salmonella in both pure culture and rinse water from chicken carcasses. Although PMA in combination with LAMP successfully detected live Salmonella cells, the assay consistently showed late amplification signals for samples containing only dead Salmonella at a high concentration (10 9 CFU/ml), indicating a potential to generate false-positive results when detecting viable Salmonella in the background of high concentrations of dead cells. However, this level of dead cell concentration (up to 10 9 CFU/mL or g) will not be commonly found in fresh chicken carcasses and other chicken products (Chen et al., 2011) .
The detection limit of PMA-LAMP in pure culture (TSB) and rinse water of chicken carcasses was comparable to that of LAMP alone in pure culture and rinse water of chicken carcasses. These results demonstrated that PMA did not have a significant inhibitory effect on the LAMP assay, as has been reported previously (Chen et al., 2011) . When compared to PMA-PCR, PMA-LAMP was faster, simpler, and more sensitive for detecting viable Salmonella cells in both pure culture and rinse water from chicken carcasses. Overall findings of this study indicate that the PMA-LAMP assay is a rapid, accurate, and simple method for detecting and quantifying viable Salmonella cells without pre-enrichment in raw samples, such as rinse water of chicken carcasses that may be treated with sanitizers.
